We know from evolutionary theory that sectoral characteristics are important to innovation. This paper investigates if sectoral characteristics also are important to eco-innovation, a hitherto under-researched theme. We argue that research into possible sectoral patterns in eco-innovation is key to understanding green industrial dynamics and the greening of the economy. This paper investigates to what degree the economy is greening horizontally (sector-wise). Starting with a sectoral case study, we undertake a longitudinal analysis of the breath and strength of the greening of the automotive sector from 1965 to 2012, focusing on powertrain technologies. The empirical analysis is based on patent data amongst big car producers and focuses on identifying changes in two main aspects: (1) the convergence/divergence of firms' green strategies and technologies within the automotive sector; and (2) the contribution of alternative key green technological trajectories relative to the dominant design. Our findings indicate that the evolution of relative green patenting has followed a positive, linear growth over the last decades with increasing participation of alternative propulsion technologies and increasing convergence of automakers' strategies towards a diversified portfolio.
Introduction
With few notable exceptions, the origins, dynamics and extent of sectoral 'greening' remain little understood in empirical terms and even less as part of an evolutionary process of technological change (Kemp and Soete 1992; Saint-Jean 2009a, 2009b; Wesseling, Faber, and Hekkert 2014) . The empirical literature on eco-innovation tends to be either focused on policy and institutional issues, or on individual case studies (e.g. Faber and Frenken 2009; Geels 2002; Horbach, Rammer, and Rennings 2012; Reid and Miedzinski 2008) This paper seeks to explore an evolutionary economic perspective on the greening of the economy built upon behavioural theory of the firm (Faber and Frenken 2009 ) and sectoral patterns of innovation, both of which, we argue, are key dimensions to understand green industrial dynamics. The overall research question investigates to what degree the economy is greening horizontally (sector-wise) as opposed to vertically (chain wise) (Andersen and Faria 2015) . Many evolutionary scholars have demonstrated that firms in the same sector could be subject to some convergence in their innovation strategies and performance, forming sector-specific technological trajectories (Breschi and Malerba 1996; Klevorick et al. 1995; Malerba 2002; Pavitt 1984) . While this is a strong and well-recognised argument in evolutionary research, it is also been contested since the strength and range of sectoral patterns of innovation is relative and other dimensions may also affect innovative activities (Peneder 2010) .
We offer a contribution to framing and empirically testing this issue. This is a complex problem, which ideally calls for long-term, cross-sectoral studies. Due to time and methodological constraints, this paper seeks to feed into this discussion with a sectoral case study. This does not allow for cross-sectoral comparison but it does allow for an analysis of the dynamics (homogeneity) and extent (convergence) of sectoral 'greening' over time as part of an evolutionary process of technological change that shapes the two main research questions of this paper.
More specifically, the empirical analysis focuses on capturing sectoral changes over time in two main specific aspects: (1) the degree of strategic and technological convergence into eco-innovation activities, and (2) the contribution of alternative key green technological trajectories relative to the dominant design of the total patenting activity of the sector. These research questions differ from other sectoral green case studies (both within the automotive industry and other industries) by not looking specifically for the drivers of eco-innovation (e.g. policy changes), but rather inquiring into possible patterns in industrial greening over a larger time frame, including the recent transformations after the 2008 crisis. We aim specifically to look into the convergence/divergence in the automakers' strategies over time. Accordingly, this paper feeds into the discussion of the degree to which the automotive sector is greening, i.e. to investigate the extent, timing and character of sectoral greening.
Using patent data, the paper analyses eco-innovation activities in the automotive sector from 1965 to 2012, allowing us to cover the main period of its greening process to date. The eco-innovations are restricted to the core automotive innovation, the powertrain. This is partly to delimit the analysis, which is quite comprehensive by nature, and partly to allow for an interesting comparison between the mature dominant design, the combustion engine, and the upcoming competing green trajectories (related to respectively hybrid/electric cars and fuel cell-based cars). We use the firms' patent portfolios and two specialisation indexes (Herfindahl-Hirshman index [HHI] and Relative Technological Specialisation Index) to identify patterns of convergence/divergence in the firms' green technological strategies, and argue that these may be seen as a proxy for the overall main greening trend of the sector.
The automotive industry is chosen as a case due to several reasons. It is an interesting case of a 'dirty' , very mature, quite concentrated but also highly innovative industry. The sector has been traditionally pointed out as one of the clearest examples of a technologically mature industry (Abernathy and Clark 1985; Fukasaku 1998; Seidel, Loch, and Chahil 2005) , characterised by the introduction of incremental innovations constrained by a dominant design that has as main elements the internal combustion engines (ICE), all-steel car bodies, multi-purpose character and fully integrated productive processes (Orsato and Wells 2007) .
In recent years, however, many important transformations on technological regimes and institutions in the automotive sector are taking place. Some of these transformations carry the potential to challenge the current dominant design. Examples of these transformations include the incorporation of microelectronics and information and communication technologies 1 (Seidel, Loch, and Chahil 2005) , the growing pressures to generate energy efficient products, as governments and users are increasingly aware 2 of the negative externalities in terms of environment harm and intensive use of non-renewable resources associated with automobiles.
A more methodological reason to choose the sector is that the green product technologies targeted can be easily recognised since they are predominately related to major changes in the main components of the motor: the powertrain (Oltra and Saint-Jean 2009a) . It is therefore an example of an industry with distinguishable product eco-innovations (and not just process eco-innovations), which enables a discussion on the market side of the green economic evolution (as opposed to process eco-innovations which are often driven primarily by policies).
Our findings indicate that the evolution of relative green patenting has followed a positive, linear growth over the last decades with increasing participation of alternative propulsion technologies, increasing convergence of automakers' strategies towards a diversified portfolio, and consequently a substantial reduction of concentration of green patents amongst the share. Contrary to other findings in the literature (i.e. Bakker 2010; Sierzchula et al. 2012; Wells and Nieuwenhuis 2012, see Section 5) , the development of all green technologies has been conducted simultaneously, as we shall further expand.
Apart from contributing to these insights on green industrial dynamics, the paper also contributes with methodological developments, given the poor quality of eco-innovation data and problems in defining green technologies and products (Andersen 2008; Arundel and Kemp 2009; Fukasaku 2005; Oltra and Saint-Jean 2009b) . The methodology expands and complements other patent-based analysis of eco-innovation in the automotive sector (Frenken, Hekkert, and Godfroij 2004; Oltra and Saint-Jean 2009a) by: (1) expanding the scope of patents considered, i.e. the previous studies were limited to a single patent office, usually USPTO or EPO; (2) including the period post-2008 crisis (up to 2012) , in which the greening process intensified itself considerably; (3) including green patents by IPC codes (instead of keywords), thus including those inventions that do not present keywords such as 'electric vehicle' in their titles and abstracts. Moreover, the two indexes are calculated for all the firms over the period considered, offering a broader picture of the convergence of firms' technological strategies and the dynamics, which could be applied to other research-intensive industries (but not to the less research intensives where patent-based studies would make little sense) and hence allow for cross-sectoral analysis of patterns in the greening of industries.
The paper is organised as follows: in Section 2, we explain the theoretical argument and the main hypotheses. Section 3 discusses the data collection and methodological steps. The 1 While a significant part of these technologies are related with the dominant design, some were crucial to alternative propulsion systems. For instance, the early development of Lithium-ion batteries was intended to increase the performance of mobile devices such as mobile phones and laptops, though their relatively high density and low weight also created opportunities for application in hybrid and electric vehicles as alternative to lead-acid batteries (Brodd 2009 ).
results of the analysis are presented in Section 4 and discussed in the Section 5. The final remarks are presented thereafter.
Sectoral eco-innovation and green economy dynamics under an evolutionary perspective
Within evolutionary theory, many scholars have demonstrated how innovation sources, demand and technology characteristics and institutions are constrained by sectoral boundaries, therefore indicating that firms in the same sector could be subject to some convergence in their innovation strategies, forming sector-specific technological trajectories (Breschi and Malerba 1996; Klevorick et al. 1995; Malerba 2002; Pavitt 1984) . We posit that, as for innovations in general, it is possible to identify sectoral eco-innovation patterns because (1) environmental impacts are often technology/product/ activity-specific; (2) the existence and strength of vertical environmental policies; (3) the demand for 'green' vis-à-vis 'grey' products varies from sector to sector, so that elements like consumer routines and environmental awareness and the price elasticity of demand are product-specific; and (4) industrial characteristics (e.g. competitive and organisational structures) affect the willingness of firms to retain resources to the development of green technologies (Andersen and Faria 2015) . These elements influence firms' perceptions of risks and opportunities associated with a technology. Since firms have limited resources to allocate in technological development (Patel and Pavitt 1997) , their technological strategies (i.e. how they allocate resources in different technologies) are also affected by such perceptions.
In Figure 1 , we suppose that a Firm A allocates its resources in three competing technologies, X, Y and Z, and that these technologies have different levels of 'greenness' (i.e. environmental impacts). The perceptions of the firm on the technological risks and opportunities will likely be reflected in the allocation of resources over the three technologies and changes in the firms' perceptions would be reflected in their resource allocation. The dynamics of this mechanism is deeply rooted in the micro foundations of the evolutionary perspective on innovation (Nelson 1991) . Likewise, all the other firms in the same sector of Firm A would have to make similar choices amongst the three technologies depending on their own perceptions about risks and opportunities. Extrapolating this micro analysis to the sectoral level, it is possible to infer how these firms share perceptions about these three technologies by analysing the degree of convergence in their resource allocation over time (Patel and Pavitt 1997) . The level of convergence/divergence at the meso level would indicate the presence and strength of sectoral patterns of eco-innovation.
The strength and range of sectoral patterns of innovation is relative, since other dimensions also affect the technological strategies of the firms (Peneder 2010) . First of all, intra-sectoral firm-specific differences in firms' cognitive abilities, competences, learning and assets influence their perceptions about opportunity conditions and risks related with each technology, being reflected in heterogeneous innovation strategies (Barney 1991; Nelson 1991) . A second important argument and core to evolutionary theory is that timeand space-dependent nature of innovation, none the least related to the co-evolution of technologies, organisations and institutions over time (Lundvall 1992) .
Accordingly, country-specific and region-specific characteristics could play an important role in defining firms' innovative strategies (Cooke, Gomez Uranga, and Etxebarria 1997; Lundvall 1992 ). National and regional institutions and markets may influence innovative activities by forcing or encouraging domestic firms to invest in new technologies to meet consumers' and/or policy-makers' demands (Patel and Pavitt 1997) , and firms may develop technological competences by using local resources and spillovers (Patel and Vega 1999) . Both arguments could reduce the influence of global sectoral patterns in innovation and eco-innovation.
The literature on the eco-innovation strategies in the automotive sector indicates successive shifts in the firms' perceptions on the main technologies in the sector, with interspersed periods of excitement and disappointment ('hypes') towards automakers' investments in alternative propulsion technologies during the past decades caused by fluctuations in the regulatory environment, public and private R&D spending and incentives, public awareness, among other factors (Bakker 2010; Penna and Geels 2014; Van den Hoed 2005) . Accordingly, it is often argued that most automakers shifted their R&D activities from battery-electric to fuel cell technologies during the 2000s -leading to an hydrogen or fuel cell hype -and shifted again towards hybrid and battery-electric technologies by the end of the decade.
On the other hand, some scholars believe that there is in fact a broad 'technology fragmentation' movement with multiple and semi-conflicting pathways over time, with most manufacturers progressively adopting active positions in alternative technologies development (Oltra and Saint Jean 2009b; Sierzchula et al. 2012; Wells and Nieuwenhuis 2012) , acknowledging the importance of gradual improvements that can take decades and are above the 'hypes' (Patel and Pavitt 1997) .
Given this theoretical framework, we aim to investigate the emergence and diffusion of eco-innovative activities within the automotive sector over time to understand how the overall greening of the economy is reflected in these firms' technological strategies. Our objective is to test the existence of a converging movement of automakers' strategies over time as indicative of possible emerging sectoral patterns of eco-innovation. Our first working hypothesis is therefore:
H1: Regarding powertrain technologies, the main firms of the automotive sector present a convergence in their technological strategies over the past decades.
This convergence is analysed in terms of (1) reductions in the concentration of patenting activity for each technology, and (2) the degree of homogeneity amongst the firms' patent portfolios. The opposite situation is a divergence in their strategies, signalling that other factors may be stronger, including firm-specific and geographic-specific elements or even rules of thumb (Patel and Pavitt 1997) . In this case, we would also observe heterogeneous combinations in firms' patent portfolios.
The convergence/divergence of firms' green technological strategies within a sector can be understood as part of a broad movement of greening of the economy in which agents integrate environmental issues in the economic processes and heuristics that are then reflected in the technological strategies (Andersen 2009 ). Such integration of environmental issues is marked by phases, starting with a reactive phase (to environmental regulations, scandals or market preferences) and following the development of green markets up to the point that the green market becomes the standard (see Figure 2) .
A very high degree of strategic convergence amongst heterogeneous companies within a sector, to some degree subjected to different national and firm-specific characteristics, might be an indicator of the gradual consolidation of a green market. In this sense, we also test a hypothesis related with the breath of the greening of the automotive sector, i.e. the importance of alternative technological trajectories (i.e. fuel cells, electric motors) to the overall green patenting activity in the sector. Accordingly, our second hypothesis is:
H2: Alternative trajectories (in relation to the dominant design) are becoming increasingly responsible for the growing of green patenting activity within the sector.
Methodology
Statistics on eco-innovation are scarce and firms in general do not disclose much quantitative data about the eco-innovation efforts as would be desirable to construct comprehensive sectoral analyses (Fukasaku 2005; Oltra, Kemp, and De Vries 2010) . Although patent-based studies are only emerging in eco-innovation research, some scholars hold they are one of the best available sources of quantitative data for sectoral eco-innovation analyses (Dechezleprêtre et al. 2011; Oltra, Kemp, and De Vries 2010; Popp 2005) .
Despite its general limitations as an innovation indicator (Pakes 1986; Pavitt 1985) , the rate of growth in patenting in a certain technologic field can be used as proxy of its importance and maturity degree (Chang 2012; Nesta and Patel 2005) , and patent applications are considered indicators of firms' technological competences as they show that the firm has sufficient competences to produce knowledge pieces that are on the technological frontier in a given technological field (Breschi, Lissoni, and Malerba 2003) . Moreover, patents are strongly correlated with R&D expenditures and therefore make a good proxy for innovative activity (Griliches 1990 ).
Data collection
First, we selected a group of major automakers in order to represent the innovative activity in the sector and build a picture of important aspects of eco-innovation activity (Ernst 2001) . The sample of firms was chosen based on two requirements: (1) the automaker must be listed on the OICA's (International Organization of Motor Vehicle Manufacturers) World Motor Vehicle Production ranking 2012 3 ; and (2) the number of patents filled on the selected patent offices must be of at least 500 up to 2013. Based on these criteria, we selected 17 car manufacturers as follows: BMW, Daimler, Fiat, Ford, Fuji Heavy Industries (Subaru), General Motors, Honda, Hyundai, Isuzu, Mazda, Mitsubishi, Nissan, Porsche, PSA (Peugeot-Citroën), Renault, Toyota, and Volkswagen.
We collected all patents from our selected group of major automakers at the Derwent World Patent Index database (Thomson Reuters) from 1965 to 2012, allowing us to analyse from the initial phase of eco-innovation emergence to recent years. This database can distinguish patent families, avoiding counting the same invention multiple times, and compiles all variations of the assignee's names, including secondary brands, research centres and subsidiaries, into single codes, thus improving the coverage of the global patenting activity related to each firm. To avoid low-quality patents, we selected only granted patents deposited at the European Patent Office (EPO), the U.S. Patent Office (USPTO) and the World Intellectual Property Organization (WIPO). 4 Instead of using keywords (e.g. Frenken, Hekkert, and Godfroij 2004; SaintJean 2009a, 2009b) , we adopted selected International Patent Classification (IPC) codes in order to collect the patents associated with each technologic group (Bointner 2014; Johnstone, Haščič, and Popp 2010) , using the recently developed IPC Green Inventory 5 and the OECD's list of Environmentally-sound technologies (EST).
6 Therefore, for each technologic group, we selected a number of IPC codes to represent the patenting activity in their respective areas. The groups of codes are presented in the Annex 1. By using these application-based codes, we aim to minimise the risk of including irrelevant patents and excluding relevant ones (Veefkind et al. 2012 ).
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We selected three main technological areas related with the powertrain, the main system in the automobile and the responsible for most of the environmental harm associated with their use: ICE green technologies; Hybrid and Electric propulsion systems; and Fuel cells' electric propulsion systems. The former group represents basically the incremental innovations associated with the dominant design, while the other two groups represent more radical technologies that require more complex changes in the main components to function. We also included a group of what we called complex patents. Every patent can be attributed with two or more IPC codes representing different technological domains, and many patents have codes associated with more than one of the three groups of technologies we selected (e.g. fuel cells and electric/hybrid, fuel cells and ICE green, electric/hybrid and ICE green etc.). Therefore, a complex patent represents the 'cross-fertilization' between two or more different technologies (Figure 3 ).
Our data sample presents some drawbacks. First, it does not include some relevant actors, including new automakers and those from developing countries -particularly from China and India, but also suppliers, universities and research centres. We argue, however, that in the specific time and sectoral dimensions adopted in this paper, the major incumbents still have a crucial role in defining the technological strategies of the sector, influencing all the other important actors in their decision processes (Malerba and Orsenigo 1997; Pavitt 1984) , and the group of selected firms is responsible for more than 90% of passenger car 7 For instance, patents without keywords such as 'fuel cell*' can be still related with Fuel cells technologies, perhaps using specific technical terms for subcomponents. Likewise, patents with keywords like 'electric motor*' might be related with other systems than the powertrain (e.g. motors for windows and other moving parts). sales (2012) according to OICA. Additionally, any major innovation from other actors will likely be reflected (albeit indirectly) in the automakers' technological strategies. Last, because the list of suppliers for this sector is very comprehensive and most of them are specialised in different components, it is difficult to gather and compare their data with the same level of simplicity and clarity as of the automakers that supposedly produce the same product. A second drawback relates to the fact that our sample does not include other technologies that are also important to reduce the environmental impacts of the sector, including streamlining design, recycling and painting, amongst others. We focused on the main competing powertrain technologies because they represent the core of the eco-innovation in the sector and the most important component of the automobile. This methodological choice is commonly used in papers working with green technologies in the automotive sector (e.g. Frenken, Hekkert, and Godfroij 2004; Oltra and Saint-Jean 2009a) . The Table 1 summarises the data collected for each automaker and technologic group.
Methodological procedures
To check the sectoral convergence, we first analyse the trajectory of green patenting in our sample over time. We use a measure of convergence typically used in industrial economics and international trade literature to measure market concentration and specialisation, the HHI (Herfindahl 1950; Hirschman 1964) , as suggested by Malerba and Orsenigo (1997) . The index is described as:
where b is the share of each firm i in the overall patent portfolio (for each technology) and α represents the weight given to larger firms, which is α = 2 as standard. The index can also be used as a measure of diversification (Palan 2010) , since specialisation = 1 -diversification. Therefore, the closer to 0, the more diversified is a given portfolio, meaning that a given technology is better distributed amongst the firms in the sample. The HHI fulfils all criteria of a favourable specialisation index (Palan 2010) , however, it may be biased downwards for small samples (Hall 2005) . To increase the reliability of the results, we also adopted a normalised Relative Technologic Specialisation Index derived from Relative Specialisation index (Nesta and Patel 2005; Pavitt 1998) , in order to measure the evolution of firms' trajectories on the specified green technological areas and the convergence amongst the firms' strategies. Its formula is given as follows:
where P ij represents the number of patents from technology i on the patent portfolio of firm j. Thus, this Relative Specialisation index compares the share of a given technology i within the portfolio of firm j with the share of the same technology for the whole sample of firms as a measure of relative technologic specialisation. We normalised the index in order to simplify and compare symmetrically the results (Nesta and Patel 2005) :
In order to linearise and attenuate the effects of the largest patentees in our sample (such as Toyota, Honda and General Motors, see Table 1 ) on the average portfolio, we transformed each P ij using natural logarithms, thus, P ij = ln 1 + P ij .
The RTSI is able to reveal how firms develop and change their technology portfoliosand consequently their strategies -over time. Accordingly, if [−1 < RTSI < 0], the firm j has a smaller share of patents on technology i than the sector average and the closer to −1, the less specialised is the firm on such technology. In contrast, if [0 < RTSI < 1], a firm is more specialised on the technology than the average. A RTSI = 0 indicates that the firm j follows the average patenting activity of the sector for technology j.
The RTSI is also able to capture changes in opportunities and persistence in firms' strategies. If, for instance, the index is moving away from −1 and stabilises around 0, it indicates that the firm is in a process of technological catching up. If the index is consistently over 0 (and especially around and over 0.3), it indicates that such firm has a persistent relative specialisation on the technology analysed (Nesta and Patel 2005) .
Data analysis -eco-innovation dynamics in the automotive sector

Evolution of green patenting in the automotive sector
The evolution of green patenting as a share of total patenting in our sample (Figure 1) demonstrates the cumulative nature of the greening process in the automotive sector. From the early, slow emergence of eco-innovative activities in the late 1960s, an increasing number of companies have being involved in eco-innovative activities.
Our data show that around 35-40% of all patents produced by the firms in our sample are related with the selected green technologies in the past years, with increasing participation of alternative propulsion technologies (Figure 4 ). Since automakers typically have substantial patenting efforts in other areas such as security, safety, suspension, brakes, entertainment, steering and navigation systems (Thomson Reuters 2015) , this share is a indicative that the automotive industry is in the middle of a strong greening process, at least from the point of view of technological development.
To contextualise the evolution of green patenting in the automotive sector, we combined our findings with a review of major institutional, socio-economic and competitive changes that happened along the last 50 years and affected the sector. We divided the analysis in four distinctive 'phases': Faiz, Weaver, and Walsh (1996) , 'compliance with these standards (…) provided the impetus for major advances in automotive technology worldwide' (3).
This phase is characterised by the emergence of ICE patents related primarily to pollution control, incorporation of new systems to these engines (i.e. electronic fuel injection and catalytic converters) and adaptation to alternative fuels (i.e. ethanol, natural gas) which reaches up to 16% of the patenting activity in the sample. Despite some early governmental initiatives to foster the development of alternative propulsion technologies in U.S., such as The Electric and Hybrid Vehicle Research, Development, and Demonstration Act of 1976, and the Automotive Propulsion Research and Development Act of 1978, only a small amount of electric/hybrid patents and very few fuel cells patents were produced, demonstrating the experimental nature of these initiatives.
The relative participation of green patents in firms' portfolios decreased over the 1980s since main regulations' requirements remained stable over the decade and governmental support was subject to major budget fluctuations which have made it impossible to sustain a coherent development programme on alternative powertrain technologies. According to a report to US Congress, '(…) after an initial flurry of activity on hybrid vehicles at DOE [US Department of Energy] from 1978 to 1980, the hybrid effort was shelved until 1992' (U.S. Congress 1995, 229) .
The timing of the eco-innovative upswing in the phase 2 (B-C) coincides with the emergence of a new discourse on sustainability following efforts of the World Commission on Environment and Development -also known as Brundtland Commission -in 1987, whose mission was to call policy-makers, civil society and firms to pursue sustainable development goals (WCED 1987) . In U.S., the James Hansen's testimony before the US House Energy Committee in June 1988 is considered 'the catalyst that catapulted climate change onto corporate radar screens, gaining attention of the mass media and senior management' (Levy and Rothenberg 2002, 180, 181) , while for European firms, the 1992 UNCED conference in Rio was 'the crucial event that spurred corporate attention' (Ibid., 181).
New sets of regulations and major revisions also emerged during this phase. Amongst them, it is worth mentioning the Californian Air Board regulations and the Clean Air Act amendments in 1990, as well as the first tier of the European Emission Standards in 1993 (Euro 1).
8 While the latter two were mainly focused on gradual improvements in ICE performance, the former also included specific elements to foster the development of alternative powertrain technologies: the Zero Emission Vehicles (ZEV I) Program 9 recognised that ICErelated emissions tend to deteriorate rapidly with time and could never be reduced to zero. These regulations were followed by the establishment of joint research programmes and partnerships amongst automakers and other stakeholders, such as the US-based Advanced Battery Consortium (1991) and the Partnership for a New Generation of Vehicles (PNGV) (1993), the Automotive Research and Technological Development Master Plan (1994) and the 'Car of Tomorrow' task force (1995) in Europe. However, the relative growth of green patents was still very much dependent on the behaviour of ICE-related patenting (Figure 4) , since most automakers remained reluctant to invest heavily in such risky alternative technologies.
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The subsequent actions following the above-mentioned events had major impacts over the dynamics of green patenting in the sector, as it is evident in Phase 3. Despite the revision of CARB ZEV I in 1996 and 1998 -which relieved automakers acting in the state to invest in zero emission vehicles up to 2003, the failure of General Motors' electric vehicle leasing program (EV1), and the tightening of emissions regulations targeted to ICE vehicles worldwide (which could otherwise foster further investments in ICE technologies), the growth of green patenting in this phase was caused solely by the growth of patenting in alternative technologies, such as electric/hybrid and fuel cells (Figure 4) .
The successful introduction of the first mass market hybrid/electric vehicles, Toyota Prius and Honda Insight, to the Japanese market in 1997 and 1998, respectively, might have been the decisive factor to encourage other automakers to invest in this technologies. The initiative of U.S. President George W. Bush to allocate US$ 1.2 billion to finance hydrogen research in 2003, as well as DaimlerChrysler's announcement of bringing 100,000 Fuel Cell vehicles to the streets by 2006 definitely contributed to foster the investments in hydrogen and fuel cells (Bakker, van Lente, and Meeus 2012) . Especially interesting is that, during this period, firms also started to produce a significant amount of complex patents, denoting an increased cross fertilization between the different technologies, e.g. fuel cells and electric/ hybrid, electric/hybrid and ICE and so on.
Finally, the last phase (2008) (2009) (2010) (2011) (2012) consists of the immediate effects of the crisis (e.g. profit reduction, cost cutting), the reduction of financing to hydrogen-based fuel cell programme in U.S. and the introduction of advanced hybrid and electric vehicles, such as Nissan Leaf, Tesla Roadster and Model S. Overall, these events had a negative effect on alternative technologies' patenting and a positive effect over ICE green patents in a first moment, but the former recovered quickly while the latter started to fall rapidly again. Unfortunately, the more recent dramatic events in electric vehicles market development boosted by Tesla cannot be captured by the current data and will have to be analysed at a later stage.
So far, the net effects of these events under green patenting activities have been the further decline of ICE patenting and the strengthening of alternative technologies. In 2012, for the first time, the number of patents in HEV/BEV was almost the same as the number of green ICE patents. Even the patenting activity related with fuel cells, presumably under decline after the frustration of initial expectations, presented a rather stable behaviour after the crisis, levelling at about 5% of the total patenting in the sector (not considering the complex patents related with fuel cells).
Technological convergence/divergence towards eco-innovation activities
In this subsection, we will look into the details of the evolution of eco-innovation activities in the automotive sector over time. To understand how this evolution affected the convergence (or divergence) of automakers' strategies towards new patterns of eco-innovation, we calculated the HHI for each technology and also for the whole sample of patents ( Figure 5 ). We used three-year moving averages to avoid the effects of seasonal fluctuations in patenting activity.
The results show that the different alternative technologies have been following very different paths of specialisation: the ICE green technologies and electric-hybrid present a quite stable path since the 1970s, more or less following the trajectory of the overall portfolio. This indicates that these technologies were developed by a broader group of automakers from the beginning and quite simultaneously and therefore were not an isolated strategy. These technologies and the capabilities they build on are closer to the existent dominant design, and this has certainly an impact on the perceived opportunities, costs and risks of firms.
The fuel cells and complex patents, on the other side, have been quite concentrated in one or few automakers until the beginning of the 1990s. One explanation for such behaviour can be that these technologies are more complex, demanding more resources and capabilities and offering greater risks than the others (Singh 1997 ). The Figure 6 shows that, in average, these two sets of technologies present a higher number of inventors per patent than the others, an indication that they require bigger R&D teams to be developed.
Likewise, the higher average number of assignees per patent in our sample reveals that the willingness of the firms to cooperate with other agents in order to solve complex problems related with these technologies (Figure 7 ), since '(…) the automobile network features learning, capabilities, and assets outside what would appear to be core fields. In other words, the automobile network has capabilities in a broader range of technological fields than would be assumed from its major product lines' . (Rycroft and Kash 2004, 192, 193) .
Regarding the Relative Technological Specialisation Index, after calculating the four technology-specific indexes for each firm and for each year, we aggregated them using the average of all firms' indexes for each technology:
In order to simplify the data visualisation, we then made a second aggregation using the average for the four phases mentioned earlier (1965-1986; 1987-1995; 1996-2007; 2008-2012) , although we missed the first two years (1965 and 1966) by applying the three-year moving average to the patent data. Therefore, we ended up with 16 aggregated RTSI values as shown in Figure 8 .
The evolution of the average aggregated RTSI over time corroborates the results of the previous analysis. In the first period, the RTSI for most firms was close to −1 for Fuel Cells and Complex patents -indicating that only a few firms presented relative specialisation in this technologies -and higher for Electric Hybrid and ICE. Over time, the RTSI gets closer to 0 for all technologies, which is another indicator of convergence -since they are all getting to the point where their share of these technologies is equal to the share of the whole sample. It is worth mentioning, however, that fuel cell technologies remain less spread amongst the firms when compared with the other technologies even in the last period.
We also calculated the average standard deviation from the RTSIn i for each technology and time period (Figure 9 ). Except for the first period, when most firms were not developing alternative technologies (therefore the RTSI was always close to −1), average standard deviations are in general much smaller for ICE technologies, as it is closer to the dominant design and therefore a 'safer' trajectory, and higher for more radical technologies. In a sectoral perspective, standard deviations has also been decreasing considerably over time, indicating that they are converging to a more homogeneous pattern of green technological specialisation -that is, with fewer variations over the period. Therefore, the development of these technologies as measured by patenting activity is becoming more stable rather than uncertain and turbulent as some argue (e.g. Sierzchula et al. 2012 
Discussion of the findings -signs of sectoral greening
The data analysis indicates a substantial reduction in concentration of all green technologies as technological opportunities are being collectively perceived and risks are shared. A decrease in the concentration levels of all technologies over time as measured by the HHI index demonstrate that even (or especially) the technologies which are more distant from the existing technological are being developed by an increasing number of firms, approaching the level of diversification of the overall patent activity in the sector, with substantial shifts observed during the mid-1990s and notably after the 2008 crisis. Moreover, the specialisation index indicates a strong convergence in the automakers' strategies in green ICE, Hybrid/Electric and Complex portfolios, which also finds support in the literature using other data-sets and methods (e.g. Frenken, Hekkert, and Godfroij 2004; SaintJean 2009a, 2009b; Sierzchula et al. 2012) . Therefore, our findings suggest that the hypothesis H1 is valid: we indeed observe an increase in the convergence of firms' strategies for the green powertrain technologies, which reflect common perceptions of risks and opportunities amongst the firms in the sample. However, the portfolio of patents related with Fuel cells continues to be relatively more concentrated than the other technologies. It suggests that innovations that are further away technologically from the dominant design present greater levels of uncertainty -and thus variation (Anderson and Tushman 1990) . It also suggests that other factors, such as country-and firm-specific characteristics, may have a stronger influence in such complex technologies. Nevertheless, these hypotheses require further research to be validated.
As a counterpoint to the findings of Sierzchula et al. (2012) that the number of hydrogen-based announced models decreased rapidly during the 2000s, the rise and breakdown of expectations about a hydrogen-based economy, usually referred as a 'hype' in the literature (Bakker 2010) , did not translate into a large reduction of fuel cell patenting, but into a stabilisation of such activities of about 5% of the total patenting in the sector (taking off the complex patents related with fuel cells). This is an indicator that the effects of frustrated expectations might be smaller in a context of technological uncertainty, high competition and strong pressures to change.
We propose that the automotive sector case presented, despite its limitation to the powertrain case and patent data only, could be seen as a strong indication of a high degree of sectoral greening and accordingly a rapidly maturing global green economy. Our data demonstrate that 45 1967-1986 1987-1995 1996-2007 2008-2012 ICE green
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the evolution of relative green patenting has followed a positive, linear growth over the last decades, culminating with around 35-40% of all patents produced by the firms in our sample related with the selected green technologies over the last phase (2008) (2009) (2010) (2011) (2012) , with increasing participation of alternative propulsion technologies. This conclusion is also supported by scholars using different data and methodologies (Oltra and Saint-Jean 2009b; Sierzchula et al. 2012) and it challenges the idea that the attempts of going green remain marginal to the sector as argued by e.g. Wells and Nieuwenhuis (2012) . Based on these findings, we confirm the hypothesis H2 that alternative green trajectories (in relation to the dominant design) are increasingly responsible for the growing of innovative activity within the sector. The substantial increase in the relative number of complex patents indicates not only a diversified portfolio, but also a process of cross fertilisation between the different technologies, e.g. fuel cells and electric/hybrid, electric/hybrid and ICE and so on. In other words, these technologies share a number of components that suggest a considerable degree of complementarity amongst them, with components that can be used for two or more of these technologies. Further research into this special group of patents might give more insights on how knowledge is shared amongst different technologies.
Final considerations
This paper has provided longitudinal evidence of sectoral eco-innovation trends and proven that the automotive industry is in fact greening to a very high degree. We recognise that this is only one sectoral case which could be elaborated on with more data and which needs to be succeeded by many more similar studies as well as cross-sectoral studies of eco-innovation in order to understand the influence of sectoral eco-innovation patterns. Nonetheless, we argue that the paper contributes to a relatively new research agenda in inquiring into to what degree an (important) industry is greening and hence to what degree the increasingly global economy is greening sectorwise. In this sense, our findings show signs of high levels of sectoral green convergence amongst the main automotive incumbents. The evolution of relative green patenting has followed a positive, linear growth over the last decades with increasing participation of alternative propulsion technologies and increasing convergence of automakers' strategies towards a diversified portfolio.
Naturally, the level of greening that we witness within our data could be debated; we know from other studies that the automotive sector, as other sectors, is still facing a number of serious eco-innovation challenges, compare the recent 'dieselgate' scandal (Blackwelder et al. 2016) . We propose none the less that we may interpret our findings as robust indications that most if not all the main players in the industry are in fact greening to quite some degree and in a global perspective which has not been analysed before. Tentatively, we propose that we may interpret this as a sign that we have reached a certain level of global market driven green economic evolution, though more research is needed, e.g. including studies into the increasingly important Asian economies and integration with other types of data analysis. We can, in other words, mainly say something about the direction of the greening trend than the level of greening with the current study.
There are, overall, some first indications that horizontal greening is an important feature in the greening of the economy. We need, however, to expand this research into more sectoral cases as well as cross-sectoral studies of eco-innovation in order to identify possible patterns of sectoral eco-innovation. We need more research into green industrial dynamics, in order to understand better the scope of horizontal, vs. vertical, vs. regional greening trends, as well as the role of the big incumbents vs. the small upstarts for the greening of the economy. Only when such studies have been made can we begin to discuss what role the automotive industry, and other industries, has for the overall green economic evolution.
We further argue that the methodology we have used (including the choices of the IPC codes and the two indexes) for the sectoral case study is applicable to other research-oriented industries (albeit not the less research-intensive). The methodology may be used to undertake comparable studies in a number of industries and allow for important cross-sectoral eco-innovation studies too.
